Methylphenidate is one of the most common pharmaceutical treatments for Attention Deficit Hyperactive Disorder (ADHD). It is also gaining popularity as a cognitive enhancement and recreational substance. The current study assesses the long-term effects of methylphenidate (MPD) on the circadian rhythm activity pattern of adolescent and adult male Sprague-Dawley (SD) rats. The experiment lasted for 11 days of non-stop recording, the evaluation was divided into 4 phases: acute, induction, washout, and expression phases. Circadian rhythm changes in each phase were compared between the adolescent and adult rats using the following parameters MESOR (midline estimating statistic of rhythm) or average activity, amplitude (distance from MESOR to the peak activity), and acrophase (time at which peak amplitude occurs). Overall, more significant changes in circadian rhythm pattern among adult rats were observed as compared to adolescent rats. As the circadian rhythm governs the diurnal locomotor activity pattern, changes in the locomotor pattern induced by chronic treatment MPD indicate that the drug exerts a long-term effect on the circadian rhythm.
Introduction
Attention Deficit Hyperactivity Disorder (ADHD) exhibits onset in childhood and lasts into adulthood. This * Corresponding author. disorder is expressed by inattention, hyperactivity, excessive impulsivity, and inability to remain focused or to concentrate for prolonged periods of time [1] . The psychostimulant methylphenidate (MPD), better known by its trade name as Ritalin, is one of the most common pharmaceutical treatments in children and adults with ADHD. Its pharmacotherapy is often utilized for prolonged periods of time [2] . It is structurally similar to dextroamphetamine [3] and binds to dopamine transporter (DAT) thus prevent the reuptake of DA from the synaptic cleft to the presynaptic terminal, resulting in the accumulation of DA in the synaptic cleft [3] [4] . Methylphenidate is steadily gaining popularity among adolescent and young adults as the treatment of ADHD [5] - [7] as well as for cognitive enhancement and for recreation [8] [9] .
Chronic exposure to some psychostimulants has been reported to alter the diurnal locomotor activity patterns [10] - [12] . The diurnal locomotor activity pattern is one of many biological rhythms controlled by the master clock located in the suprachiasmatic nucleus (SCN) of the anterior hypothalamus [13] . The SCN is entrained to the 24-hour cycle of external light and dark cues [14] - [16] via projections from the retinohypothalamic tract, and synchronizes the diurnal oscillations of multiple internal clocks regulating many physiological processes such as hormonal release, heart rate, blood pressure, eating pattern, sleep/wake cycle, etc. [16] - [19] . Chronic amphetamine exposure in four different times (08:00, 14:00, 20:00, and 02:00) has been shown to elicit behavioral sensitization around the clock, while following MPD exposure only when the drug was given in the morning i.e., it is dependent on the time of the drug administration [20] . Chronic uses of psychostimulants such as cocaine, MPD and amphetamines have been shown to cause adverse effects such as tolerance, withdrawal and sensitization [2] [20]- [27] . It was reported that intravenous or intranasal administration of MPD has a higher mortality rate than cocaine or amphetamine [1] [28]- [30] .
During ontogeny overproduction and subsequent synaptic pruning occurs and the time that these processes occur is correlated to the time frame of the development of ADHD [31] [32] . Moreover, it remains unknown whether chronic exposure of MPD to an adolescent's during the developmental age when overproduction of receptors and synaptic connections and subsequent neuronal pruning occurs, may elicit different changes in the circadian rhythms and homeostasis of the animals as compared to the effect of chronic MPD on adults. The current experiment will explore the possible long-term effects of MPD on the circadian rhythm patterns and will compare the effects between adolescent and adult Sprague-Dawley (SD) male rats. The hypothesis of this study is that change in the behavioral circadian rhythm activity pattern will indicated that chronic MPD treatment causes long lasting effect. Furthermore, the circadian rhythm activity following chronic MPD exposure of adolescent rats will be different from the response to adult rats.
Materials and Methods

Animals
Adolescent and adult male SD rats (n = 72) purchased at approximately 28 and 58 days of age, respectively, from Harlan (Indianapolis, IN, USA). These rats were split up randomly into four adolescent and four adult groups each group consists of nine animals. The rats were individually housed in a Plexiglas cage that was their home and test cage and maintained on a 12-hour light/dark cycle (lights on from 06:00 to 18:00) inside a soundattenuated room that had an ambient temperature of 21˚C ± 2˚C and relative humidity of 37% to 42%. Rats were supplied with food pellets and water ad libitum throughout the study. The animals were habituated in this room for 5 to 7 days prior to group assignment. All experiments were carried out in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by our institutional Animal Welfare Committee. At the beginning of the recording, the animals' ages were at P-40 and P-70 for the adolescent and adults, respectively.
Drug
Methylphenidate hydrochloride was obtained from Mallinckrodt, Inc. (St. Louis, MO, USA). Three doses of MPD were used (0.6, 2.5 and 10.0 mg/kg), these doses are correlated to low, medium, and high doses, respectively, and were selected based on our previous behavioral dose-response studies [15] [20] [24]- [27] [33] . Eight groups of rats were used. Groups one through four consisted of adolescent rats (n = 35) that were treated with 0.6, 2.5, or 10.0 mg/kg MPD or saline/control ( Table 1) . Groups five through eight consisted of adult rats (n = 37) that were treated with 0.6, 2.5, or 10.0 mg/kg MPD or saline ( Table 1 ). The MPD dosages were calculated as free-base and dissolved in 0.9% saline. All injections were equalized to a volume of 0.8 ml with 0.9% saline so that the total volume of each injection was the same for all animals. The MPD and saline were administered intraperitoneally (i.p.) between 06:30 hours and 7:00 hours.
Procedure
One day prior to recording, each rat was weighed and assigned randomly to their respective group. The computerized, automated activity monitoring (CAAM) system (Accuscan, Columbus, OH, USA) consisted of a clear, acrylic, open-field box (40.5 × 40.5 × 31.5 cm) fitted with two levels of 16 infrared motion sensors located 6.0 and 12.0 cm above the floor of the box. The CAAM recorded interruptions of each infrared beam at a frequency of 100 Hz. Interruptions of any infrared beam were transformed to an activity score. Cumulative counts were compiled automatically by the CAAM system and downloaded every 10 min using the OASIS data collection software (Accuscan) that counted and organized these counts into various locomotor activities indices [15] [20] [24]- [27] [33] . Three locomotor indices were analyzed: total distance traveled (TD), horizontal activity (HA), and number of stereotypic movements (NOS). Total distance traveled measures the amount of forward ambulatory activity in centimeters. Horizontal activity measures the total number of beam interruptions that occurred in the horizontal sensor (lowest tier) during a given sample period and provides total locomotor activity. Number of stereotypic movements measures the number of repetitive episodes with at least 1 second-interval before the beginning of another episode. The number of stereotypic movements is used to assess the effect of drug treatment on general stereotyped behaviors such as sniffing, grooming, and other repetitive behaviors [24] . Since the HA, TD and NOS exhibit similar activity pattern, only the HA data are shown in this study for simplicity purpose. The data collected were automatically downloaded to the computer and summed by the Accuscan analyzer into 10-min bins. Every 6 bins provided 1 hour of activity and was plotted onto 24-hr histograms. Two control groups were used (saline control groups 4 and 8) to verify whether time and animal handling did or did not modulate the locomotor activities ( Figure 1 ).
Data Analysis
The eleven experimental days (EDs) were divided into four phases for data analysis as follow: the acute phase describes the differences in the locomotor activity between ED 2 (the first day of MPD administration) to ED 1 (saline administration/baseline); the induction phase compares activities of ED 7 to that of ED 2 to determine whether 6 consecutive daily MPD treatments would induce alterations in locomotor activity patterns; the washout phase compares the locomotor activity pattern of ED 8 -10 when MPD was not administered after six consecutive daily MPD exposures to ED 1 baseline activity; the expression phase compares activity of ED 11 to ED 2 to determine whether MPD rechallenge at ED 11 would alter the locomotor activity previously seen during the initial (acute) MPD exposure, i.e., whether tolerance or sensitization was expressed. The activity patterns following saline injection on ED 1 of the adolescent and adult groups and the activity at ED 2 to ED 7 and at ED 11 were the same as ED 1 with minor non significant fluctuations. Thus, the ED 1 activity pattern following saline of each group can and was used as the baseline and control for that group. In doing so, we aim to nullify the possible inter-animal variability.
Two forms of data analysis were used: 1) Hourly histograms and their mean and 2 ± SE, composed from summing of six 10-min counts of locomotor activity, for EDs 1, 2, 7, 8, 9, 10 and 11, were used to compare and analyze for significant changes in activity amplitude and shift between the hourly activities within each experimental phase. 2) Cosine Curve Statistical Analysis (CCSA) test [34] using the 10 min count and organized into three parameters over a 24-hour cycle: MESOR (midline estimating statistic of rhythm) or the average activity represented by the curve, amplitude (distance from MESOR to the peak activity), and acrophase (time at which the amplitude peak occurs) were used. The estimates of these three parameters provide the ability to test for statistical significant change in locomotor activity patterns with respect to time and intensity within the 24 hr of each day. In addition, the CCSA tested parameters independently as well as in combinations for a null hypothesis of no difference. The large numbers of f-tests were used because several aspects of the long-term behavior were independently evaluated. Presence of a change of circadian rhythm in each phase was determined based on an abnormal change of locomotor activity pattern and amplitude from baseline. Furthermore, adolescent and adult rats challenged with MPD were compared to determine if there is a significant change in locomotor activity between rats of different ages challenged with the same doses of acute and chronic MPD exposure. Since the locomotor activity patterns for HA, TD, and NOS were similar among the dose groups and the histograms and CCSA portray similar pattern within each dose group, only the CCSA of HA are shown and discussed here for simplicity. Figure 1 shows the hourly HA for control groups 4 and 8. The adolescent and adult rats, were treated with saline on EDs 1 to ED 7, at ED 8 to ED 10 no treatment and at ED 11 saline injection was given. The figure demonstrates the expected baseline locomotor activity pattern from nocturnal animals. The locomotor activity exhibits higher activity during the night and less during the day while showing typical u shape circadian rhythm activity patterns. Following saline administration, both adolescent and adult male rats in the control groups showed similar patterns of activity throughout the 11 EDs. In other words, no alterations of circadian rhythm activity patterns were evident throughout the 11 EDs in the two groups 4 and 8 following repetitive saline injection. The figure shows that adolescents rats are more active than the adult rat group.
Results
The Control Groups
MPD Acute Phase (Comparing ED 2 vs. ED 1) in Adolescent vs. Adult Rats
The adolescent and adult rats exposed to 0.6, 2.5, or 10.0 mg/kg MPD exhibit substantial increases in MESOR and amplitude on ED 2 as compared to activity following saline injection on ED 1, signifying that the drug has relatively immediate effects on locomotor activity upon administration. These increased locomotor indices significantly altered the locomotor activity pattern on the CCSA test. In order to better study the long-term effect of MPD and not the acute effect of the drug, the data from the initial three hours post injection were omitted to eliminate in the calculation the immediate (acute) drug effect, and the remaining nine hours of data were again analyzed. The resulting CCSA test showed that the increased locomotor indices of the acute phase did not reach statistical significant change in HA circadian pattern ( Table 2) .
The acute 0.6 mg/kg MPD failed to alter the locomotor circadian activity pattern of the adolescent group. The acute 0.6 mg/kg MPD exposure in adult male rats exhibited increases in the amplitude while the 2.5 and the 10.0 mg/kg MPD failed to alter the circadian activity pattern of both the adolescent and the adult groups, only the 0.6 mg/kg adult dose group reached statistical significance (p < 0.026) ( Table 2 ).
The Induction Phase (Comparing ED 7 vs. ED 2) in Adolescent vs. Adult Rats
The adolescent rats that exposed to 0.6 and 10.0 mg/kg MPD showed increases in all three locomotor indices on ED 7 comparing to ED 2. However, the adolescent 2.5 mg/kg MPD group exhibited decreases in MESOR and amplitude. The three adult groups challenged with 0.6, 2.5, and 10.0 mg/kg MPD uniformly showed increases in MESOR, amplitude and acrophase in the initial two to three hours post-injection on ED 7 as compared to ED 2. The difference between the two cohorts were that only the adolescent 2.5 mg/kg MPD dose group had a decrease in locomotor activity pattern and that only the adult 2.5 mg/kg MPD group reached statistical significance in the MESOR (p < 0.05) and in the amplitude (p < 0.001) while none was observed in any adolescent group ( Table 2) .
The Washout Phase (Comparing ED 8 and ED 10 vs. ED 1) in Adolescent vs. Adult Rats
All three adolescent dose groups show an increase in activity between the 07:00 and 08:00 hours, i.e., the time that they were treated with MPD in the previous six days. This increased activity for about an hour is dose related characteristics with the 10.0 mg/kg MPD group exhibiting the greatest change. However, the overall changes in locomotor activity patterns of ED 8 and 10 did not reach statistical significance when compared to those of ED 1 ( Table 2) . In a similar fashion to the adolescent dose groups, all three adult dose groups exhibit increases in MESOR, amplitude and acrophase between 07:00 and 08:00 hours. Besides this similarity, the adult groups' behavior differed starkly from the adolescent groups. The 0.6 mg/kg MPD adult group doubled in MESOR (p < 0.0001) and tripled in amplitude (p < 0.019) on ED 8 vs. 1; the same increases persisted through ED 10 when compared to ED 1 ( Table 2) . Additionally, the 0.6 mg/kg MPD adult group shifted in acrophase by approximately 3.5 hours into the dark phase on ED 10 (p < 0.036) ( Table 2 ). The 2.5 mg/kg MPD adult group increased in MESOR by 25% (p < 0.037) and amplitude by 250% (p < 0.0001) on ED 8, i.e. while the animals' horizontal movement that interrupted the infrared beams increased by 25%, the total distance traveling per hour during peak activity was 250% greater than the average ( Table 2 ). The changes persisted through ED 10 for the 2.5 mg/kg MPD adult group: MESOR increased 30% (p < 0.002), amplitude increased 270% (p < 0.0001), and, additionally, acrophase shifted 2 hours into the dark phase (p < 0.018). The 10.0 mg/kg MPD adult group increased in amplitude on ED 8 (p < 0.020), MESOR on ED 11 (p < 0.035), and amplitude on ED 11 (p < 0.010 and Figure 2 washout phase).
The Expression Phase (Comparing ED 11 vs. ED 2) in Adolescent vs. Adult Rats
The 0.6 mg/kg MPD adolescent group at ED 11 shows almost no changes in MESOR and amplitude when compared to activity of ED 2. The 2.5 and 10.0 mg/kg MPD adolescent groups show decreases in MESOR, amplitude, and acrophase on ED 11 but did not reach statistical significance.
Among the adult groups, only the 2.5 mg/kg MPD group shows statistically significant increases in MESOR (p < 0.0001), amplitude (p < 0.004), and a 2-hour right shift in acrophase (p < 0.042) on ED 11 ( Table 2 ). The 0.6 mg/kg MPD adult dose group shows increases in MESOR, amplitude and acrophase while the 10.0 mg/kg MPD adult dose group shows relatively stable mesor, decreased amplitude, and a one-hour right-shifted acrophase at ED 11 (Figure 2 Expression phase).
Discussion
The present study seeks to determine whether there are differences in diurnal activity of adolescent and adult rats after acute and/or chronic MPD treatments. MPD is considered a mild central nervous stimulant that blocks the reuptake of norepinephrine and dopamine into the presynaptic neurons. It also stimulates the cerebral cortex and subcortical structures in a similar fashion as dose amphetamine.
The main findings of this study are as follow: 1) No statistically significant alteration in locomotor activity circadian activity pattern is apparent in all three adolescent MPD-treated groups; 2) The adult rats exposed to repetitive (chronic) 2.5 and 10.0 mg/kg MPD dose groups exhibit altered circadian activity patterns during the induction, washout, and expression phases; 3) The adult 0.6 mg/kg MPD dose group demonstrates altered circadian activity pattern at a later time course, i.e., during the washout and expression phases; 4) The 0.6 mg/kg MPD adult group increased locomotor activity drastically during the washout phase; 5) The locomotor activity of the 2.5 mg/kg MPD adult group progressively increased and reached statistical significance during the washout and expression phases; 6) The 10.0 mg/kg MPD adult group increased locomotor activity that reached statistical significance only during the washout phase; 7) The adults receiving the same dosages of MPD as their adolescent counterparts showed a significantly greater increase in activity during the day and night while at the same time exhibiting shifts in peak activity characteristic of circadian rhythm pattern changes. While circadian rhythm pattern changes were present in both adolescent and adult male rats, the severity of the changes were more pronounced in the adult population.
There is a master internal clock in the suprachiasmatic nucleus (SCN) that regulates the circadian rhythm activity [5] [13] [16] . This master clock regulates all the other clocks via a wide variety of clock genes and gene products such as Per1, Per2, Cry1, Cry2, bmal1, Rev-erb [13] [35] . The endogenous circadian rhythm control clocks entrain to the environmental time cues (such as light and dark changes) via the retinohypothalamic tract [13] [16] [18] . In the absence of these cues, the circadian rhythms will vary at a time course slightly more than 24 hours. Patterns governed by circadian rhythms include sleep, temperature control, food consumption, reproductive behaviors, hormone production, heart rate, and blood pressure [18] [19] [35] [36] . These rhythms greatly affect the homeostasis and the well-being of animals. Changes in these rhythms can contribute to changes in the physiological processes such as jet lag, fatigue, insomnia, or long-term pathologies such as diabetes mellitus, heart disease, and hypertension [17] [18] [36] - [39] . Besides environmental cues, psychostimulants and drugs of abuse also exert an effect on neuroadaptation resulting in altered physiological processes. Chronic morphine exposure decreases the size of DA neurons in the ventral tegmental area and impairs axoplasmic transport, decreases DA transmission, and decreases dendritic branching leading to dysphoria during withdrawal [40] [41] . Chronic cocaine and amphetamine exposure increases dendritic branching and spine density in NAc and PFC [42] [43], which may explain the effect of the drugs on incentive-motivational effects and judgment impairment.
The process of synaptic pruning that occurs during ontogeny may explain the altered response between adolescent and adult rats to MPD. It was demonstrated that the response to psychostimulants varied with age [44] - [47] . During normal development, overproduction of synaptic connections and receptors occurs and follows by their pruning or competitive elimination. The marked over-production and elimination of synapses and receptors during adolescence may serve as a permissive factor for a number of behavioral/psychiatric disorders, including attention deficit hyperactive disorder (ADHD) [48] . Between 5 and 15 years of age in humans, synaptic density in the frontal cortex decreases by approximately 40% [31] [49] . The time-course and nature of ADHD parallel the pattern of overproduction and regressive synaptic elimination described above [49] . A growing body of evidence suggests that exposure to stimulants during ontogeny produces effects on animal behavior and/or biochemical processes that differ from well-known effects on comparable exposure to MPD during adulthood [48] . Some adverse consequences on neuronal development in children were reported [50] . Adolescent rats are affected differently by catecholaminergic agonists when compared with adult rats [46] [51]- [54] . It was reported that adolescent rats exhibited an attenuated behavioral response, while adult rats exhibited an increased behavioral response to psycho-stimulants [46] [53] [55] . Rats and mice exposed to MPD during the period equivalent to human adolescence experienced behavioral changes that endured into adulthood, which suggests that MPD does have a neurobiological effect that lasts into adulthood [14] [48] [56] .
The long lasting effects of MPD use may also be attributed to a deficiency or abnormal production of the proteins responsible for controlling human circadian rhythms. The administration of psychostimulants may lead to defective genetic translation of these necessary proteins or possible even direct damage to these genes themselves. A recent study has shown that administration of MPD increased the peripheral index of early DNA damage in young and adult rats, which was more pronounced with chronic treatment and in the striatum compared with the hippocampus [57] . The correlation between increased circadian rhythm pattern changes within the adult rat population as compared to the adolescent rat population be due to the decreased capacity for DNA repair with age. The striatum is one of the richest sources of dopaminergic synapses [58] that are critical for the regulation of striatal function.
With the present study, a greater increase in locomotor activity indicative of circadian rhythm alterations should be noted as a possible side effect of everyday use of these drugs. Even more important is the fact that the psychostimulant used in this study affected adults far more in terms of circadian rhythm changes than it did adolescents. Therefore, it is prudent to advocate further research into the chronic effect of MPD (Ritalin) from the standpoint of chronic use of the drug by our adolescent population and also as a pharmaceutical enhancement and recreational abuse in adults. Figure 1 shows that adolescent rats are more active during the night compared to adult rats. The acute and chronic MPD exposure did not alter the circadian locomotor activity of the adolescent while the circadian locomotor activity of the adult was altered during the induction, washout and expression phase ( Table 2 ). Figure 3 compares the total activity/24 hr of the two age groups (baseline was arbitrarily set as 0%). The figure shows that MPD exposure elicits increased locomotor activity in both groups, however, the adult group exhibited significant (p < 0.05) higher activity following 0.6 and 2.5 mg/kg MPD during the washout and the expression phase compared to adolescent rats. During the washout phase in both ages, increased activity was expressed. This increased activity may indicate that the animals are exhibiting behavioral withdrawal. The adolescents exhibited mild withdrawal while the adults exhibited more severe withdrawal signs.
Conclusion
